. 1 The present study was carried out by experimenting in a stirred tank of unbaffled system employed with concave blade impeller. In this study the influence of impeller diameter (d), tank diameter (D) and impeller clearance depth ( C ) on vortex depth is investigated at various impeller rotational speeds. The higher vortex depth is observed when the impeller is closer to the tank bottom. Relative vortex depth increases with the increase in the impeller diameter in all cases of impeller clearance depth at constant D. Smaller tank diameter gives higher relative vortex depth, when d is constant at different impeller clearance depths. Critical speed is found decreasing with the increase in C/D and d/D ratio. Finally, a scale up criteria for relative vortex depth has been developed, which is valid for geometrically similar conditions.
Introduction
To avoid formation of a pronounced central vortex at high angular speeds by breaking undesired tangential velocity components, most industrial stirred reactors are equipped with baffles. Presence of baffles increases axial and radial velocities so guaranteeing a better circulation and faster mixing than in their absence [1] . Although baffled tanks are widely used in industrial applications, there are cases in which the use of baffled tanks may be undesirable. Removing the baffles will change the flow characteristics and therefore the mixing rate, thus altering the effectiveness of the tank design for the reaction and phase contacting processes [2, 3] . Formation of the central vortex on the liquid free surface in an unbaffled stirred tank is obvious when the vessel is operated without a top cover. Vortex is formed because of the highly swirling liquid motion which is produced by the continuous movement of the impeller. Study of the formation of vortex in an unbaffled stirred tank is very important to understand the air-entrainment at particular power consumption. So, study of vortex formation caused by an unbaffled condition of the system is closely associated with power consumption in the system as it is widely known that the unbaffled system consumes less power [4, 5] than the baffled system. Therefore, study on vortex formation in agitated vessels to save energy in terms of power consumption is required [6] . Unbaffled systems are, in fact, employed for specific applications [4, 7] , where the presence of baffles results in drawbacks [8, 9] . Baffled tanks cause dead zones, actually worsening the mixing performance of an aeration system [1] . For the food and pharmaceutical industries it is a matter of primary importance to keep the reactor, as clean as possible; in crystallization processes [10] and biological applications [11] shear and impact are to be minimized; in precipitation processes baffles may suffer from incrustation problems [12] . Scientific literature shows an increasing interest in experimental investigations towards unbaffled stirred vessels [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] showing better potential for some industrial use of such type of stirred reactors. Brucato et al. [22] found minimum power requirements for complete suspension in top-covered unbaffled vessels which are less than from corresponding baffled tanks. Literature also suggests that at the same values of mechanical power dissipation the mass transfer coefficient is higher in unbaffled vessels than that in baffled tanks [26] [27] .
Vortex depth can be analyzed theoretically as well as experimentally. Dimensional analysis indicates that relative vortex depth is a function of impeller speed and impeller diameter; however, it may also depends on other geometrical dimensions differing from impeller diameter. Therefore, it is required to incorporate impeller clearance depth in the analysis of vortex depth. In this study, the influence of geometrical dimensions, such as impeller diameter, tank diameter, impeller speed and impeller clearance depth on relative vortex depth with concave blade type impeller is experimentally analyzed and a scale up criterion is developed for geometrically similar systems.
Experimental

Materials and Methods
The process dynamics based on vortex depth and power consumption has been studied on unbaffled single impeller without sparging system of concave type impeller. Table 1 show the geometrical dimensions used in this study. Experimental determination of vortex depth is done by processing the photographs of the vortex formation (for example the edge detection method and measure tools in MATLAB ® ). Fig. 1 shows the schematic diagram of an unbaffled stirred tank where the central vortex formation has taken place when the impeller is rotated with a particular speed. Experimental photographs were taken during experiments at every speed and the same photograph was used to determine the vortex depth.
Theoretical Background
Knowledge of velocity and pressure profiles in an unbaffled stirred tank with agitation can be derived from a theoretical expression of vortex depth. These profiles can be obtained by simultaneously solving the equations of motion and continuity with the corresponding boundary conditions. The continuity equation for an incompressible fluid is written as:
(1) And the equation of motion (Navier-Stokes equation) is given as:
The boundary conditions are as follows: (1) tangential impeller velocity is equal to liquid velocity at the liquid/impeller interface; (2) liquid velocity at the vessel wall is zero; (3) the resulting force influencing the gas-liquid interphase tends to get to the surface perpendicularly. The last condition implies as [29] : The analytical solution of Eqs. (1), (2) and (3) is not possible due to the geometrical complexity of impellers. Therefore, the method of dimensional analysis is used and the following dimensionless variables were introduced as: Combining Eqs. (6) and (7a, b) the dimensionless equation describing the vortex geometry is obtained:
where Ga = Re 2 /Fr (Galileo number). The vortex depth can be determined from Eq. (8) as the vertical parameter characterizing depth of the gas/liquid interface in the vortex centre as:
Eq. (9) indicates that the relative vortex depth (V d /d) is the function of impeller speed and impeller diameter, however, the vortex depth may also be affected by other geometrical dimensions different from impeller diameter. As the objective of this study is to analyze the dependence of impeller clearance depth on various process dynamics characteristics, it is also required to incorporate impeller clearance depth C in the analysis of vortex depth. So, by keeping other geometrical parameters as a constant one and only varying tank diameter and impeller clearance, the following dimensionless relation of vortex depth is written as:
Markopoulos and Kontogeorgaki [6] also showed that relative vortex depth is the function of impeller diameter (d), tank diameter (D), impeller speed (N), viscosity of fluid (v), gravitational force (g) and impeller clearance depth (C). So, in the following sections, the influence of d, D, C and N on relative vortex depth will be discussed.
Results and Discussions
Effects of Impeller Depth
As mentioned in Eq. (9) (Fig. 2) . However, it is evidently that the closer is impeller to tank bottom, the higher is vortex depth. Markopoulos and Kontogeorgaki [6] expressed that the significance of C/D on the determination of V d /d is not essential in a single impeller system and such finding is also witnessed from our study. (b) When d is constant: As it has been understood from the previous observation, the relative vortex depth increases with the increase in the impeller diameter when the tank diameter is constant. Now it is also interesting to understand how the relative vortex acts when the condition is reversed. So, Fig. 4 
Effects of Impeller Diameter
Critical Speed
The critical impeller speed N c is the speed of the stirrer at which the vortex reached the blade level and the air-entrainment occurred. This impeller speed is the most important parameter from the practical point of view because the gas entrainment at this speed is a result of the gas/liquid interface reaching the impeller [29] . The knowledge of the critical impeller speed helps in setting the process at optimal level. Rieger et al. [29] have found that better conditions prevail for mass transfer process at above critical speed. However, in order to avoid aeration and vibration, the process setting below critical speed is desired. In the scale up process, when the large scale is used, the swirling and unstable flow conditions are observed when the central vortex reaches the impeller; it can also give rise to mechanical damage [3] . Conversion of impeller rotation kinetic energy to the potential energy (depth of vortex) can be used to determine the critical speed. According to Tsao [30] , kinetic energy can be expressed in terms of the speed at the tip of the rotating blades. The energy balance is shown in Eq. (11):
or it can be written as follows:
The value of k can be derived by analyzing the observations of vortex depth and Froude number of the stirred tanks shown in Fig. 2. Fig. 4 
Scale up Criteria for Vortex Depth
It is shown in Eq. (10) that vortex depth is the function of Reynolds number and Froude number with diameter of impeller and impeller clearance depth. To establish a generalized scale criterion for vortex depth considering the parameters which affects them it can be written as:
The statistical details of the developed relation are tabulated in Table 2 . The standard error obtained is found to be satisfactory. The R 2 value is 0.81 and it is the acceptable value in engineering applications of predicted parameters. 
Conclusions
The influence of geometrical dimensions and impeller speed on the vortex depth has been studied in an unbaffled single impeller system. Scale up criteria for relative vortex depth has also been developed which is applicable for geometrically similar systems. 
